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AN ANALYTICAL STUDY OF _ CONTINUOUS CKEMICAL

REGENERATION OF SURFACES

By Leonard K. Tower

SUMMARY

Chemical means of preventing the destruction of hot metal surfaces

by sublimation have been known for some time. The present report con-

tains an analysis of this so-called regenerative process in which gaseous

materials such as chlorine react with the sublimating metal and transport

it back to the hot surface _n the form of a gaseous compound. The systems

were considered to consist of two solid surfaces at differing tempera-

tures with a gas-filled interspace. The major ass_umptions were that the

gas phase is a continuum in which local chemical equilibrium exists and

that the mass transport is described by ordinary gaseous diffusion equa-

tions.

The conditions within the system required to prevent the destruction

of the solid surfaces were discussed. Some of these conditions_ employed

in a simplified analysis, resulted in thermodynamic criteria for selecting

the materials to be tested in regenerative systems.

As an illustration of some of the principles discussed, these hypo-

thetical systems were considered: tungsten-chlorine, molybdenum-

chlorine, tungsten-molybdenum-chlorine, and tungsten-oxygen. The inter-

esting possibility arose of a system with hot and cold surfaces of dif-

ferent materials_ both of them simultaneously stable within some band of

operating conditions.

INTRODUCTION

Successful operation of energy-converting or energy-producing de-

vices for extended periods at elevated temperatures entails the solution

of many difficult materials problems. One of these is the sublimation

of hot surfaces. The possibility of minimizing or eliminating this ef-

fect by means of chemical reactions has been suggested. In such a proc-

ess, a suitable gaseous material is introduced into a space between the

hot surface and a cold surface. This gas reacts with the metal vapor



from the hot surface to form a gaseous compound. The compoundreturns
the metal to the hot surface and deposits it.

This process was described by Langmuir (ref. i) in connection with
a tungsten filament sealed into a bulb containing a low chlorine pres-
sure. Subsequent investigators have designed incandescent bulbs around
this principle. Zubler and Mosby (ref. 2) constructed what is claimed
to be the first practical lamps employing the regenerative cycle, using
iodine vapor and argon.

Systems regenerated by chemical transport as in the cycle advocated
for light bulbs involve stationary states of the first order. De Groot
(ref. 5, pp. 24, 6_, and 205) defines a stationary state of the first
order as one in which all net flows of matter cease, but an energy flow
exists. The steady-state regenerative system involving chemical trans-
port has not yet been treated in detail.

On the other hand, Sch_fer, et al. (refs. _ to 6) studied chemical
transport in which material in the solid state at one temperature is
transported in the form of a gaseous compoundthrough a temperature
gradient and redeposited in a purified form at another temperature. The
total system in such an application is not in a stationary state of the
first order, since a solid phase at one temperature is growing at the
expense of a solid phase at another temperature. By using diffusion
equations to describe the masstransport of species, and by assuming
local chemical equilibrium, Sch_fer, et al. in reference _ were able to
express the rate of transport. A criterion for the direction of trans-
port (cogradient or contragradient to the temperature) and efficiency of
transport was developed in reference 5, based on the thermodynamics of
the materials.

In contrast to the studies of Sch_fer, et al., the present report
deals with the stationary state of the first order. It is concerned with
the thermodynamicrequirements under which chemical transport maybe ex-
pected to oppose the loss of metal from hot to cold surfaces by sublima-
tion. Conditions under which the system including solids will remain
stationary are described in simplified equations. Somesystems of pos-
sible interest are investigated as examples in order to illustrate prin-
ciples. These are the tungsten-chlorine (W-CI) system, the molybdenum-
chlorine (Mo-CI) system, the tungsten-molybdenum-chlorine (W-Mo-CI) sys-
tem, and the tungsten-oxygen (W-O) system.

The present analysis, by describing the requirements for successful
operation of diffusion-controlled systems, suggests a meansof screening
possible construction materials for testing in energy conversion devices.
It is restricted to the assumptions of local chemical equilibrium, the
applicability of gaseousdiffusion equations to describe mass transport,
and no convection. The processes are thus assumedto be diffusion-
controlled. Quite possibly other steps in the process, such as surface
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reactions_ will govern under some conditions. Little is known about

these reactions_ especially at the very elevated temperatures considered

herein.

No consideration was given to chemical interactions between species

added to the interspace for their regenerative properties and materials

that may be added for their effect on electrical properties. The partic-

ular materials considered in the examples herein were chosen because of

the availability of thermal data_ and are therefore not necessarily ad-

vocated for direct applicatLon in energy conversion devices.

ANALYSIS AND DISCUSSION

In this analysis_ the principles are illustrated by considering the

systems to contain few species. The simplified equations that result

make evident the role of thermodynamic properties in the regenerative

process.

The general approach followed in the analysis is to assume that

conditions within the system are such that no net flow of matter is tak-

ing place. Equations describing this situation are then solved for

limiting operating conditions and thermodynamic properties required to

sustain a condition of no net flow of matter. It will be found in the

simplified analysis that unless certain thermodynamic requirements are

met_ a regenerative process cannot prevent destruction of the solid sur-

faces.

The stoichiometric equation for chemical reactions may be written

(1)

(Symbols are defined in appendix A.) The use of negative signs for the

stoichiometric coefficients on the left side of the stoichiometric equa-

tion permits the equilibrium equation to be written in an advantageous

form. Regard M as the metal being transported_ X as the gas intro-

duced to react with it_ and Y as the transporting compound. Thus 3 in

the reaction

W(g) + Zcl(g) wcl2(g)

nW : -i, nCl = -2, nWCl2 i

By this convention the gas phase equilibrium between M_ X_ and Y is

written

n x

: (pm) (px) (py) Y (2)



At the outset_ it is useful to discuss the directions in which the

species involved in the reaction of equation (i) will be transported.

As shown in appendix B (eq. (BIO)) the mole flux of species i in chemi-

cal transport involving a single reaction is given by

nihr

wi -- T i m,.x,y

where ZkHy is the heat liberated by the reaction of equation (i) and

hr, the thermal conductivity due to chemical reaction, is always positive.

For metal atoms to be transported in product Y to a region of higher

temperature, it is seen that _y must be negative (exothermic reaction)

inasmuch as ny is positive.

For purposes of discussion_ several conditions of operation of the

system will be considered. The simplest case will be treated first_

with complexities being added subsequently. The cases considered are:

Case I. Condition for no loss of metal from the hot surface by con-

densation of its vapor on the cold surface

Case II. Condition for stability of hot and cold surfaces of dif-
ferent materials

Case III. Condition for no loss of hot surface by condensation of

product

Case IV. Condition for a stable cold surface formed of metallic

product containing no emitter metal

It is convenient herein to refer to the hot surface as the emitter

and the cold surface as the collector. This is adopted from the nomen-

clature of thermionic devices, to which the regenerative cycles dis-

cussed herein might be applied.

!
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Case I. Condition for No Loss of Emitter Metal by

Condensation of Vapor on Collector

Consider a situation in a system of emitter and collector as de-

picted in sketch (a):
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_Pm

\

Emitter Collector

In)

Temperature profiles and partial pressure profiles will not in general

be linear as shown.

To simplify the treatment of this case_ the collector material will

be assumed to be entirely inert_ a restriction that will be removed in

subsequent cases. The interspace between emitter and collector is

assumed to behave as a continuum with chemical equilibrium throughout.

Temperature and concentration jumps at the walls are assumed to be small.

The vapor of the metal comprising the emitter is assumed to saturate the

gas phase adjacent to the emitter surface_ thus, since (Pm) = (Pm, s) '
e e

all lines of Pm join at the emitter in the diagram. If the curve of

Pm lies above the curve of Pm, s throughout the interspace_ condensa-

tion will occur in the interspace. The resulting particles of emitter

metal will drift to the collector and accumulate. On the assumption

that the curves of Pm and Pm, s do not intersect in the interspace_

a condition for no metal to condense in the interspace adjacent to the

emitter is that the curve of Pm be steeper than the saturation curve:

[RT2 d(in pm)_e > [RT2 d(in pro;s)IdT dT J e
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By the Clausius-Clapeyron equation,

RT2 d(in Pm_s )
dT =AHv, m

Thus the condition that the curve of Pm be steep enough to prevent con-

densation adjacent to the emitter is

IRT2 d(l_Pm)]e > £_v_m
(4)

The concentration gradients are now considered for the simplest case

of the single gas phase reaction of equation (i) occurring in the inter-

space with chemical equilibrium. Since the concentration of M must de-

crease away from the emitter to prevent saturation of M in the inter-

space, the flux of M will be away from the emitter. Equation (S) shows

that _y must be negative for the product Y to transport metal M

back to the emitter.

If species M and Y are in much lower concentration than reactants

X, the gradient of the logarithm of the metal partial pressure (herein-

after called the metal pressure gradient parameter) is written

d(inPm) aH/_m
RT2 - (5)

dT 2

i + _ (_JAxm
- -n x

(Kypm%x )l/my

(see appendix B).

ranged, setting

When this is substituted in inequality (4) and rear-

(Pm)e= (Pm,s)e

the following criterion is obtained for no condensation in the interspace

adjacent to the emitter:

axm

(Pm,s)e

-nm -nx e

>ZXH,v, m (6)

!
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Since nm is negative and hH v is always positive, this expression can

be satisfied only if AHyl/(r _ £_v,m) > i. For nm = -i, it is necessary

that -AHy > Hv, m. If expression (6) is taken as an equality, it may

be solved for the minimum partial pressure Px of reactant X required

for no condensation mljacent to the emitter. In particular, for the

case where -nm = ny

Px

and Sxy = hxm

' tm._m f ny/nx

(7)

There is a possibility that the slope of Pm' although steeper at

the emitter than that of Pm_s' might lessen in the interspace resulting

in intersection with Pm, s" Such intersection_ at least for the simple

cases satisfying the assumptions used in this section, will be shown to

be unlikely.

If the equations of in pm and in Pm, s are expanded in a Taylor

series about the temperature of the emitter and the difference is taken,

it is found that

in Pmzs )in Pm,s - in Pm = (in Pm, s - in Pm)e + dT

a(inPm)]
_T ]e £zT +

12(ln ) d2(in PmL l

1 Pm_ s

2' dT 2 dT 2 J (AT) 2 +
e

According to inequality (BIg), a pressure of reactant X sufficient to

make the curves of Pm and Pm_s coincident at the emitter results in

For coincidence at the emit:er

(in Pm, s) = (in pm )
e e

and
d(ln Pm, s = _d(ln pm )]

dT )Je [ ]e
]



From the difference in the Taylor expansions it may then be seen that

Pm, s _ Pm" As one proceeds toward lower temperatures, the curve of Pm

therefore steepens with respect to that of Pm, s and falls below, as

shown in sketch (b).

T

Pm, s

!
P

Emitter Collector

(b)

Coincidence of the curves of Pm, s and Pm across the interspace can-

not occur, and intersection of the curves in the interspace seems un-

likely. Moreover_ if Px exceeds the minimum required for coincidence

of the curves at the emitter_ so that the curves diverge even at the

emitter, the improbability of intersection in the interspace should be

even greater.

Case II. Condition for Stability of Emitter and

Collector of Different Materials

In Case I_ the collector was assumed for simplicity to be inert.

This restriction will be removed in the present case so that the com-

patibility of the emitter and collector can be investigated.

It was shown in Case I that coincidence of the curves of pm3 s and

Pm could not occur across the interspace, and that their intersection

was unlikely. From Case I it may be deduced that an emitter and collector

of the same material very likely cannot be stable together in the same

system. The possibility remains that, by making emitter and collector of

different materials_ both will remain unattacked over an appreciable range

of Px"
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Initially consider that the emitter is inert. The condition that

the collector metal not be deposited on the emitter is then that

t < o:
Pm -m_s

where the primes denote collector material. Assume that the interspace

at the collector is saturated with collector metal. It is then necessary

that

]_T" ]c _ dT c

or

R d(lnPm)]T2 _T" -J < _H'c v3m
(8)

The situation may be pictured thus:

Emitter Collector

(c)

The criterion for a stable collector is established from inequality (8)

by steps similar to those in going from inequalities (4) to (6). The
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resulting expression differs only in the direction of the inequality:

! !as /n
y m

2
-'e

<AH' (6a)
v_m

If _ is negative, the ratio _/n_ will be positive. Inequality

(6a) can then be satisfied only up to some maximum value of p_. For

-n_ = _ this maximum value may be found frcm equation (7). On the

other hand, if Zff_ is positive, the inequality can be satisfied for all
!

PX"

Now consider a system in which neither emitter nor collector is in-

ert. If they are to be compatible when AH_ is negative_ the minimum

Px required for a stable emitter must be less than the maximum permitted

for a stable collector. The zone between these pressures is the region

available for stable operation.

t_
!

tO

Case III. Condition for No Loss of Emitter

by Condensation of Product

While the conditions dictated by inequality (6) may assure no direct

loss of metal from the emitter by metallic condensation, a net loss of

metal may occur by condensation of the product at the collector. Assume

that a saturation pressure of the product above its condensed phase is

described by a curve Py, s" If the intercept d of Py_s and py occurs

at a higher temperature than that desired for the collector face (see

sketch (d)), product Y will condense on the collector until the point d

is reached_ or until the supply of emitter metal M or reactant X is

depleted. This process constitutes a combustion of the emitter.
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Ermitter Collector

(d)

The permissible temperature difference between emitter and collector

to prevent this condensation of product on the collector may be found as

follows. The Clausius-Clapeyron equation for the saturation pressure of

product Y may be integrated to relate the saturation pressure for Y

at the emitter to that at point d:

(In Py,s)d (in Py, s) e + AHv_y AT
= R TeT d

(s)

where AT = Td - Te. Assume that the partial pressure of Y is simply

related to temperature by the following equation for the pressure gradient

parameter of product:

d(ln py)RT 2 =
dT Cy (10)

where Cy is a constant. Integration relates the partial pressure of

Y at the emitter to that at station d where Py;s equals py:

ln(py,s) d = (ln py) + CyAT (11)
e RTeT d
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Combining equations (9) and (Ii) yields

RT_ in(py, s/Py) e

mT = RT e in(py,s/Py)e
i -

Cy - AHv,y

(12)

The value of _T occurring at the minimum Px required to prevent

loss of the emitter by sublimation is of the greatest interest. The

minimum Px from inequality (6) and the saturation pressure of Pm at

the emitter temperature are used in equation (2) to find Py,e" For the

case where species M and Y are in small concentration cc_npared to

X_ Cy at the minimum Px becomes:

A_y nm Lm (13)
Cy = ny ny v,m

(see eq. (BI4)).

As Px is increased beyond the minimum required to satisfy in-

equality (6), py also increases. Under the conditions assumed for this

simplified analysis_ the absolute value of AT will be decreased. In-

deed_ sufficiently high Px may cause product Y to condense on the

emitter!

!

_O

Case IV. Condition for a Stable Collector Formed

of Metal Product Containing No Emitter Metal

For some reason or another, a collector formed of the product of

s_me metal other than the emitter metal may be desirable or tolerable.

If electric currents are present in the system, consideration will then

have to be given to the electrical conductivity of this product.

The condition that product exist on the collector is that at the

collector _,s = p_. At the same time; the partial pressure of free

metal M' must be less than the saturation pressure of M' at the col-

lector. Otherwise free metal M' may condense at the collector in

preference to its product Y'. The situation might be as pictured in

sketch (e):
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Emitter Collector

(e)

In this case of the nonmetallic coliector_ some minimum pressure of re-

actant X is needed to assure saturation of Y' at the collector tem-

perature. While there is then no upper limit imposed upon the pressure

of reactant X because of requirements of the collector_ the emitter

may be destroyed by condensation of its product on the collector as dis-
cussed in Case III.

Summary Remarks Concerning Cases I, II, ili, and IV

A simple system has been considered in this analysis to make clear

the role of thermal properties of materials in the regenerative process.

The system consists of reactant gas X, emitter metal M, and collector

metal M', and their gaseous products Y and Y'. The concentration of

X is assumed to be much higher than that of any other species.

In the simplest case the stoichiometric equation for the reaction

among the gaseous species may be written as

M(g) - nxX(g) _ Y(g)
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Chemical transport will then counter the loss of emitter metal through
condensation_ provided

-fi4y > AHv;m

Even though the materials under consideration satisfy this requirement_
the partial pressure Px of the reactant gas must exceed someminimum
value.

For a metallic collector to be stable in this system over a useful
range of pressure; it must first of all be madeof different material
than the emitter. If _ for product Y' of a metallic collector is
negative_ a maximum Px exists for which the collector will be stable.
This Px must exceed the minimum Px for stability of the emitter if
the collector and emitter are to be compatible.

Even though loss of emitter metal by sublimation is countered by
introduction of the reactant gas X, the product Y may condenseat the
temperature chosen for the collector. The resulting net loss in emitter
material can be avoided by raising the collector temperature.

' of the collector metal product is higherIf the vapor pressure py
than the saturation pressure Py_s_'the collector will be formed of a
metal product instead of metal. In somecases it maybe necessary to
avoid forming the collector of product_ while in others a collector formed
of product maybe desirable.

The analysis suggests that an initial screening of materials for
use in regenerative systems will require knowledge of the following ther-
mal data at elevated temperatures: (i) The heat of formation of the
transporting product Y or Y' from the gaseous emitter or collector
metal and the reactant gas_ (2) the heats of vaporization and vapor pres-
sures of emitter and collector metals, and (3) heats of vaporization and
vapor pressure of products Y and Y'

For systems meeting the restrictions placed on the derivations; the
minimum Px of equation (7) and the AT of equation (12) are figures
of merit. For systems of greater thermodynamic complexity these expres-
sions maybe unsuitable; but the insight they embodymaybe quite valu-
able. Furthermorej they mayprovide a meansof screening quickly mater-
ials for systems that are to be regenerated by chemical transport.

!



iS

OJ

!

KXAMPLES

W-CI System

The halogen-tungsten systems are known by experiment to be regenera-

tive, as has been mentioned. Sufficient thermochemical data exist to

permit the characteristics of operation in the region of gas continuum

to be estimated by the principles in the A}]ALYSIS AND DISCUSSION section.

At low temperatures_ the W-CI system considered herein contains all

tungsten chlorides up to WCI 6. At the elevated temperatures of chief

interest in thermionic devices, WCI 2 tends to be the predominant chloride.

Brewer, et al. (ref. 7, pp. 276-311) suggest the possible importance of

WCI but present no data on this species. Typical composition curves for

the W-CI system on page 284 of reference 7 show WCI 8 predominating above

2000 ° K at pressures up to i atmosphere.

Thermal data from references 7 and 8 have been combined as discussed

in appendix C to enable an assessment of the W-CI system to be made. At

3000 ° K the following data result:

w(g)+ 2cz(g)_ wcl_(g)

SHy = -246.1 kcal

xy = mClJ_pc2z = 6.3_z0_

w(g)+ c%(g) _ WClz(g)

Lily = -184.6 kcal

Y7 : _cz_/PwPcz2: _-_l°7

2Cl(_)_ Cl2(g)

AK = -61.51 kcal

K = I.IIXI0 -2

W(cr) _ W(g)

SHv = 202.6S kcal

K = PW = i'_<i0-7 atm
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While there are four species considered to be present in the W-CI
system_ namely, W, WCI2, CI, and C12, it is possible in a simple analysis
to ignore either CI or CI2. This is accomplished by dealing only with
two regions of pressure. Oneregion is that in which CI far exceeds CI2
so that the latter maybe neglected_ leaving only W_WCI2_and CI. The
other region is that in which CI2 far exceeds CI in importance_ leaving
W, WCI2_and CI2. At 3000° K a CI pressure of i atm results in a CI2
pressure of only 0.011 atm. In fact_ these pressures do not becomeequal
until the CI pressure reaches 91.2 atm.

Consider first the low-pressure region where CI predominates over
C12° Let the emitter temperature be 3000° K and assumethat the diffusion
coefficients are all equal. Use of the data for the reaction
W(g) + 2Cl(g) _ WCI2(g) in inequality (6) showsthat indeed a pressure

Pcl2 maybe found that will satisfy the inequality:

246.i
i

1 +_
KP$1

202.65

so that the requirement for no condensation of tungsten is met. Moreover_

the minimum pressure of CI required is found by equation (7) to be 2.1

mm Hg, which justifies the neglect of CI 2. Evaluation of equation (5)

for the tungsten pressure gradient parameter at a monatomic chlorine

pressure much higher than this low limit, but below the pressure of ap-

preciable diatomic chlorine_ shows that

d(Zn%) 246.1
RT 2 =

dT i
i +

2
KPCI

= 246.1 kcal for Kp_ I >> i

This value of 246.1 kcal for the tungsten pressure gradient parameter

represents an upper bound in the region where only monatomic chlorine is

important.

On the other hand; if the chlorine pressure is raised until diatomic

chlorine predominates, substitution in inequality (6) would require for

no condensation that

!

DO
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184.6

i
i +--

KPcI2

> 209..65

This inequality cannot be satisfied by any real pressure_ so that con-

densation must occur in the interspace at pressures where diatomic chlo-

rine is important. Evaluation of equation (5) in this region shows that

d(ln zs4.6
RT 2 .

dT i
1+--

KPcI2

= 18_.6 kcal for KPcI2 >> i

To examine the region where CI and CI2 are of similar concentration_

a more general expression for tungsten pressure gradient parameter_ ad-

mitting the coexistence of four species, W, CI, C12, and WCI2, was eval-

uated. The expression is derived in appendix B as equation !Bg). For

want of precise numbers all diffusion coefficients were again set equal

to each other. The range of total pressure P was from i0 -_ to 10 +6

mm Hg, and emitter temperatures ranged from 2000 ° to 3000 ° K. The pres-

sure range chosen incorporated those regions already discussed where

either monatomic or diatomic chlorine may be ignored. The upper pressures

exceed both the limit of practical interest and the limit of validity of

the ideal gas law. Nevertheless_ the adverse effect of diatomic reactant

on metal pressure gradient parameter illustrated at these higher pres-

sures may occur in other systems within pressure ranges of interest.

The data for the entire range of pressures are plotted in figure i

in terms of tungsten pressure gradient parameter against Pmm for

several emitter temperatures. The curve for any temperature is seen to

rise from a very low value to about 2_6 kcal as total pressure is in-

creased. This represents the effect of increasing monatomic chlorine

pressure in a region where diatomic chlorine is unimportant. As total

pressure is increased_ the tungsten pressure gradient parameter approaches

a value of 185 kcal because of the growing predominance of diatomic

chlorine. These bounds were indicated by the calculations made previously

using the simplified equations. The heat of vaporization of tungsten is

represented as a line at 202.6 kcsul. For the system to be chemically re-

generated_ that is_ for no condensation to occur in the interspace_ this

line must be exceeded. At 3000 ° K the minimum total pressure is seen

from figure I to be about 2 mm Hg. This is in agreement with the simpli-

fied calculation made previously_ since the partial pressure of monatomic

chlorine approximately equals the total pressure of the system at this

condition.
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A cross plot of figure i is shownas figure 2. The operable region
of emitter temperature and total pressure for no condensation of tungsten
in the interspace is boundedby two lines_ outside of which condensation
occurs in the interspace.

While no attack of the emitter may occur because of condensation of
metal vapor in the interspace_ the possibility of attack by condensation
of product exists. The minimumtemperature at which the collector may
be operated without accumulating product was computedfor the emitter
operating at 3000° K with the minimumchlorine pressure of 2.1 mmHg.
The condensing species of product was assumedto be WCI2. Thermal data
discussed in appendix C were used. The saturation pressure of tungsten
at 3000° K and the minimumchlorine pressure of 2.1 mmHg or 2.72><10-3 atm
found previously gave In DWCI2 equal to -14.32. The estimated value

was 3.658_ and the heat of vaporization of WCI2 at 3000° K
of in DWCI2,s
was taken as 23 kcal. The resulting AT was -1850° K. A minimumcol-
lector temperature of 1150° K can thus be employedwith an emitter tem-
perature of 3000° K and a continuum in the interspace.

In reality# the condensing tungsten chloride might well be a species
other than WCI2. At the lower temperatures other species predominate
both in the gaseous and condensedphases (see ref. 7). However, the
rather large AT of -1850° K is conservative, inasmuch as the estimated
vapor pressure data in reference 7 indicate WCI2 to be less volatile than
the other tungsten chlorides at low temperatures.

If for any reason a chlorine pressure greater than the minimum
needed to prevent metal condensation in the interspace is used, the
absolute value of AT will lessen accordingly. This is because of the
increase in WCI2 pressure with chlorine pressure.

!

_C
-<

Mo-CI System

The Mo-CI system is thermodynamically similar to the W-CI system

(see ref. 7). Assuming the predominance of MoCI 2 at temperatures above

2000 ° K_ a series of curves similar to those of figure i were calculated

for the Mo-CI system. The species considered were Mo_ CI, C12, and MoCI 2.

Reference 7 suggests the possible importance of MoCI, but for want of

ready data this was not included_ as in the case of WCI. The calculations

were limited to an upper temperature of 2800 ° K by the melting point of

molybdenum, 2870 ° K.
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Figure 3 presents curw_s of molybdenum pressure gradient parameter

plotted against Pmm for several emitter temperatures. Each curve

rises to a value of about 203 kcal, corresponding to a fairly large value

of PCI in the absence of appreciable diatomic chlorine. As the total

pressure is increased, the tungsten pressure gradient parameter approaches

a value of 1¢3 kcal, because of the growing importance of diatomic chlo-

rine. The heat of vaporization of molybdenum, in the neighborhood of

152.5 kcal, is shown in figure 3. Only on portions of the curves above

the heat of vaporization will condensation not occur in the interspace.

Figure _ is a cross plot of figure 3, showing the operable region

for the Mo-CI system in terms of emitter temperatures and total pres-

sures. Both figures 3 and _ resemble the corresponding ones for the W-CI

system.

Compatibility of a System with W as Emitter

and Mo as Collector, Containing CI

The possibility of a regenerative system containing chlorine, with

a stable tungsten emitter and stable molybdenum collector, can be inves-

tigated by means of figures i and S. For instance; suppose the emitter

is at S000 ° K. According to figure i, a total pressure exceeding about

2 mm Hg is required for the tungsten pressure gradient parameter to ex-

ceed (f_Hv)W. This is the condition for a stable emitter. From figure 3

it may be seen that at this total pressure molybdenum will satisfy in-

equality (8) for a stable collector at any temperature above 2600 ° K.

The range between stable emitter and collector temperatures is small

in this example and might well be either erased or widened by uncer-

tainties in thermal data or some nonideality of the real physical process.

However; the possibility of building regenerative systems of dissimilar

metals or alloys and suitable reactants may merit experimental effort.

W-O System

Experimental evidence as to the use of 0 in a regenerative system is

claimed by Dustman (ref. 8, p. 680). It is mentioned that barium chlorate

was found to regenerate light bulb filaments under some conditions. A

theoretical c_nputation of the W-0 system makes an interesting comparison

with the W-CI and Mo-CI system. The force binding 0 to W is stronger

than that binding CI to W. For instance, at 3000 ° K for the reaction

w(g) + 2cl(g)- WCl2(g)
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a _y of -246 kcal is estimated. For the reaction

W(g) + 20(g) _ WO2(g)

at SO00 ° K, a _y of -307 kcal is estimated (see appendix C). It is

therefore not surprising that the equilibriums among species in the W-O

system follow a quite different pattern from those in the W-CI system.
This in turn affects what is to be expected of the operation of the W-O

system.

The principal thermodynamic characteristic of the W-O system, as

discussed in appendix C, is its great complexity at elevated temperatures.

Because of the large number of species involved and the low mole frac-

tions of monatomic and diatomic oxygen in the system; simplified calcula-

tions cannot be made. As a result, the general equations of appendix B

must be used.

With the assumption that all diffasion coefficients are equal, equa-

tion (Bg) was evaluated for the W-O system at temperatures of 2600 ° ,

2800 ° , and SO00 ° K over pressures ranging roughly from 10 -3 to 105 mm Hg.

Eight species were considered: W, WO_ W02; WOs; W309_ W4012_ O, and 02 .

The assumption of equal diffusion coefficients is undoubtedly quite poor

in view of the complex molecules such as WsO 9 present.

Figure S shows the variation of tungsten pressure gradient coef-

ficient with Pmm at emitter temperatures of 2600 ° , 2800 ° , and 3000 ° K.

The limiting value of pressure gradient parameter, below which condensa-

tion of tungsten will occur in the interspace adjacent to the emitter;

is shown as a line at 202.6 kcal, the heat of vaporization of tungsten.

Because of the complexity of the W-O system, it is not possible to relate

the features of the curves in figure 5 to the appearance or disappearance

of the various species, such as was done for the W-CI system. Figure 6

is a cross plot of figure 5, showing the operable region within which

no condensation of tungsten will occur in the interspace adjacent to the

emitter.

Comparison of figures 2 and 6 shows that the l_er pressure limit of

operation for the W-O system is smaller by nearly two orders of magnitude

than for the W-CI system. The upper limit is also smaller_ but converges

toward the lower limit with increasing temperature in the W-O system, in-

stead of remaining relatively parallel to the lower limit as in the W-CI

system. At SO00 ° K the resulting operable region is relatively narrow.

Figure 6 shows the operable region where no condensation occurs ad-

jacent to the emitter. There is no assurance that it will not occur

elsewhere in the interspace. In contrast to the W-CI system_ the product

!
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species appear in concentrations approaching or exceeding the concentra-

tions of the reactants 0 and 02 • The arguments made in ANALYSIS AND

DISCUSSION concerning the improbability of intersection of the Pm, s

and Pm lines throughout the interspace apply only to cases where the

reactant is by far the most abundant species. In the case of the W-O

system, only direct integration of the gradient equations across the

interspace will determine for sure whether condensation can occur.

For this same reason, the calculation of a AT between emitter and

collector, such that no condensation of oxide will occur on the collector_

becomes uncertain. However_ it is quite interesting to make a computation

of LXT for the W-O system_ with some assumptions.

Assume that Cy of equation (I0) is constant across the interspace

for WO 3 and its polymers and that each of these in turn is the only con-

densing species. Equation (12) will then apply individually to each

oxide and may be solved for a AT. Such a computation was made for

species WOs, W309, and W4012 at 3000 ° K using Cy, the pressure gradient

parameter for these species, as given by figure 7. Compositions indi-

cated by figure 8 (appendix C) were used.

The following brief t_le shows the results at several pressures

starting with 0.056 mm Hg, the minimum operable pressure for the W-O

system at 3000 ° K, according to figure 5:

Species as-
sumed to be

condensing

WO 3

W309

W4012

System pressure, P, mm Hg

0.056 0.i 1.0 I i0
I

Temperature difference between

collector and emitter, OK

-586

-586

-585

-556 -394 -662

-554 -594 -661

-554 -594 -661

The principal factors in making the absolute value of T in the

W-O system so much smaller than in the W-CI system are the larger abso-

lute values of Cy. At 3000 ° K and the minimum operable pressure_

Cy - AHv_y is -342 kcal for W03 and only -66.5 kcal for WCI 2. While

_v_y plays a role_ the dominant effect is due to the Cy. Because
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Py,s and py enter equation (12) logarithmically, they play a subordi-
nate role in determining AT.

The analysis indicates that a hot tungsten surface will be chemically
regenerated by oxygen under the proper conditions. This is in accord
with the interpretation given by Dushman(ref. 8) to the mechanismby
which barium chlorate regenerates light-bulb filaments. Dushmandoes not
credit the chlorine with any role in the regenerative process, but part
of the mechanismmaywell be due to the chlorine.

CONCLUDING_S

In the foregoing analysis, an attempt was madeto draw guide lines
for examining regenerative cycles involving materials of interest in
high-temperature devices. The analysis_ while restricted to gas con-
tinuum conditions_ should introduce method into the selection of candidate
materials for use in the regenerative systems.

The analysis was based upon considerations of thermodynamicproper-
ties of materials and upon mass transport phenomenain gas continua.
The influence of thermal properties was illustrated by considering some
hypothetical systems. Other systems maybe examinedin similar fashion.
An interesting possibility arose as a result of these calculations,
namely_ the construction of devices with both stable emitters and collec-
tors. From the analysis and the examples it maybe concluded that a
preliminary screening of materials for use in regenerative systems will
require the following information at elevated temperatures: (i) Heats
of formation of the gaseousproducts responsible for chemical transport
from the gaseous emitter or collector metal and the reactant gas, (2) the
heats of vaporization and vapor pressures of the metals and their prod-
ucts, and (5) gaseous species present in the systems of interest.

No consideration was given to the possibility that other parts of
the system might be destroyed by the very reactants used to regenerate
the emitter and collector. Also, the effect of regenerative reactants
upon other materials in the working fluid, such as the cesium used in
thermionic devices, was not considered.

!

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohi% December 5, 1961
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A

Aij

Cy

IDl

DZk

AF

grad

K

M

n

P

P

R

T

Wi

SYMBOLS

coefficient used to determine mole flux vector W of dependent

species when only one distinct reaction is present

an element of the matrixes used to compute mole flux vector W_i

of dependent species_

pressure gradient parameter of product at conditions where the

parameter is assumed to be constant

denominator determinant in expression for mole flux vector _i

binary diffusion coefficient

free energy per mole; including chemical energy; at temperature

T and standard conditions

free-energy change

gradient

enthalpy per mo!e; including chemical energy_ at temperature T

and standard conditions

numerator determinant in expression for mole flux vector _i

heat of evaporation or sublimation

heat evolved in a reaction

equilibrium constant for a reaction

denotes metallic species in stoichiometric equation

with subscripts_ denotes stoichiometric coefficients

total pressure, the sum of partial pressures

partial pressure of constituent of gas mixture

gas constant, 1.99,718 cal/(mole)(°K)

temperature; OK

mole flux vector of ith component of a gas mixture
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X

X

Y

A

in stoichiometric eq. (i), denotes the substance added to react

with the metalj with superscript, represents any species in a

stoichiometric equation

mole fraction

in a stoichiometric equation, denotes the metallic compound

responsible for chemical transport

with subscripts, as 2_nx or AZk , a term related to the binary

diffusion coefficient ASk = RT/DzkP

py, for product

_r

Sub scripts :

C

d

e

i,j

thermal conductivity due to chemical reaction

k,Z,n

rnm

s

T

v

X

Y

v

collector

point of intercept of partial pressure curve

with saturation curve Py, s

Y

emitter

ith or jth distinct chemical reaction in a mixture, or ith de-

pendent species

species present in gas mixture

metal

pressure, mm Hg

saturated

temperature, OK

vaporization

reactant with metal

pertains to compound of metal and gaseous reactant formed by the

reaction, -nmM - nxX = nyY

total number of dependent reactions or species in gas mixture

total number of species
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GF/TERAL EQUATIONS OF CONCENTRATION GRADIENT

The problem of thermal conduction in mixtures of reacting gases at

chemical equilibrium has been considered recently in references 9 and i0.

Using concepts and equations contained therein, one can solve for the

variation of concentration gradient with temperature gradient instead of

for the thermal conductivity in the following manner. Suppose there are

a total of _ species present, designated by subscripts k,Z,n

(k,Z,n = i to _). Of these species, the first w (w < _) may be regarded

as the dependent species_ separately designated where necessary by the

subscripts i,j. Given the equilibrium constants for the v reactions

forming the dependent species from the _ - w independent species_ the

partial pressures of the dependent species may be computed from the

partial pressures of the independent species. The stoichiometric equa-

tions for the v reactions may be written in the manner of equation (i)

as

nikXk = 0

k=l

i = i to v (Sl)

where the matrix of coefficients nik has the form

_ii 0 0 . . 0

0 n22 0 . . 0

0 0 n33 . 0

0

t • • Q • • • • • • •

0 0

nl_v+ I • nl_

n£_w+ i - n2_

i nw,v+l . nw _0 nwv _

Coefficients to the left of the partition are positive; those to the

right are negative. At steady state with no sources or sinks the net

flux of any one of the species k alone or combined in other molec_11es

must satisfy the equation

W k = ni i nik

i=l
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Equation (B2) for the fluxes of the first v species yields an identity.
The equilibrium equations are written

U nikKi = (Pk) i = i to
k=l

Thesemaybe differentiated to give

b
_Hi _ nizgrad T = grad xZ
RT2 _._jXz

k=l

i = i to w (BS)

where x z = pz/P. However, according to Hirschfelder, et al. (ref. ii,
p. 517), the diffusion equations in the absence of external force fields,
total-pressure gradients, or thermal diffusion maybe written

grad :h : E A k(xt -
k=l

(B4)

Combining equations (B2), (BS), and (B4) gives

]J

grad T : A i

RT 2 / j :zz J
i=l

(s5)

where

__x x ^ #nikAij = Z k/m_kt_kk
(Be)

!
I'-'

['-0
-.,]



27

t_

H
!

The v equations represented by (B5) may be solved simultaneously for

the fluxes of the dependent components:

Ail " " " A l;i-i -2£_i Al;i+l " " " Alv IJ• t • o • • • o • • • . • • i _ ° ° , • . •

_: IAvl • " " Av,i-1 -m_v &J_i+l • • • A_vl

nii IAll " " " AIr

• • • • • • o

I%1 • " •

_rad T

RT 2
(BT)

where the values of ZXH are substituted in the ith column of the deter-

minant. Designate the numerator determinant so formed by IAHIi and the

denominator determinant by IDI. The concentration gradient of the Zth

species is found by combining (B2), (B4), and (B7):

grad xZ = I£3iIi AZk(nikx Z - niZxk) IDIRT2

i=l k=l

(B8)

By rearrangement_ the partial pressure gradient parameter found useful in

this report results:

v

d(in PZ) i E EAzk(nikxZ - niZxk )

i=l k=l

(Bg)

If a single reaction is occurring in the mixture; only one depend-

ent species exists and equations (B2) and (BS) may be combined to get

grad T =
ART 2 nk

or

- _ grad T - nk (BIO)
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where

i AH2
A RT2

According to reference 9_ _r, the thermal conduc.tivity due to chemical
reaction, is positive; therefore, -_r/AH will be positive only if Z_H
is negative.

For the case of the single reaction, equation (Bg) becomes

d(in PZ) __RT2 FT" - f_Zk(nkxz - nZxk)
--_ _...d

k=l

since the determinants reduce to

i_i= -m%

and where

A : XkXn £_n _n

k=l n=k+l

b_
!

DO

Therefore_

_ hZk(nZx k - nkx Z)

2 d(InPZ)=!_ _=l
RT

dT x I _-i _ (_-_ _n)2E nk nn
XnXk Akn

k=l

(B11)

If this is applied to the reaction of equation (i); and the partial pres-

sures of species M and Y are less than the partial pressure of re-

actant X by an order of magnitude_
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RT 2
d(In pm )

dT

m_l_

RT2 _(Inp_)= _/_

i + L__\ny) Pm

Substituting the chemical equilibrium (eq. (2)) gives

d(_nPm) m_/nm (B_2)

(KypmnmpxnX) i/nY

d(in py) AH_/nyRT2 - (Bi3)

dT _____{nm]2 C-n_ -nx_I/ny

i + /kxy\ny ] Pm

For the case of the minimum pressure of reactant X satisfying inequality

(6), equation (BI3) for the interspace adjacent to the emitter becomes

d(in py) = AHy nm

RT2 dT ny - _!_,m
(BI%)

The second derivative of the curve of in Pm will now be compared

with that of in Pm,s in the simple case for which equation (BI2) is

valid, namely, that Px >> Py, Pm" Assume £_ to be constant with tem-

perature. Also let -nm = ny = i. It may be found from equation (BI2),

after some manipulation, that

d 2 2 d (in pm ) + AHy d (in pm ) + d (in Pm (Bi5)
-- (in pm ) = - _ d-_
dT 2 RT 2 dT
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Suppose that Px is just sufficient to make the curves of Pm and
coincident at the emitter. Then, by the Clausius-Clapeyron equation

Id (idTPm)_le = [d (indTPmPs)I e (2_v,m_

Pm, s

Substituting this in equation (BIS) yields

(_16)

From the Clausius-Clapeyron equation, the second derivative of in Pm, s

may be written

(m_ Pm,s) -- - (B17)

where £f_v_m is also assumed constant with temperature. Combining equa-

tions (BI6) and (BI7) gives

d-_ (in Pm)e = _ (in l:_,S)e+ +
(BLS)

In Case I of ANALYSIS AND DISCUSSION it was found that, for these

curves to be coincident at any pressure, it was necessary for

£_v/(nm £_v,m ) > !. Since it has been assumed that nm = -i,

m%, m < - m_ in equation(B181. Because m% is negative,the entire
second term on the right of equation (BI8) is negative. The second

derivative of in pm at the emitter is then less than that of In pm, s

or

d2 (in Pm e < (in Pm, s e (_19)

I
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THERMAL DATA

W-CI and Mo-CI Systems

The heats of vaporization and vapor pressure of molybdenum and

tungsten were taken from reference 12. The heats and free energies of

formation of the gaseous dichlorides from the solid metals and diatomic

chlorine at various temperatures were taken from reference 7. The heats

of formation were

W(er) + Cl2(g) _ WCI2(g )

_y = iS kcal

Ho(cr)+ Ci2(g)- HoCl2(g)

t_y = i0 kcal

The corresponding free energies of formation were linearly extrapolated

from 2000 ° K. These were_ for WCI2,

W(cr)+ Ci2(g)- WCi2(g)

fIFy = -2000 - IO(T - 2000) kcal

and for MoCI2_

Mo(cr) + Cl2(g ) - HoCI2(g )

,Ag'y = -9000 - 9(T - 2000) kcal

From these values_ the heats and free energies of formation of the bi-

chlorides from the gaseous metals and from either monatomic or diatomic

chlorine were computed at desired temperatures thus:

(_H)M(g)+Cl2(g).MCi2(g) = (t_)M(cr)+Ci2(g)__MCi2(g) - (ZkH)M(cr)_+M(g)

(t_F)M(g)+Ci2(g)__MCI2(g) = (ZiE)M(cr)+Ci2(g).MCi2(g) - (AF)M(cr)_M(g)
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and

(aF)M(g)+2C1(g)_Cl2(g): (aF)M(g)+Cl2(g)_Cl2(g)- (aF)Cl2(g)_ZCl(g)

The heat and free energy of dissociation of chlorine were from unpublished

NASA tables. At 5000 ° K the heats of formation from gaseous elements were

for tungsten dichloride:

W(g) + 2Cl(g) _ WCl2(g)

£_y = -246.1 kcal

W(g) + Cl2(g)- wcl2(g)

_Hy = -18&.6 kcal

At 2400 ° K the heats of formation were for molybdenum dichloride:

Mo(g) + 2cl(g) _ MoClz(g)

_HF = -142.5 kcal

Mo(g) + C12(g) _ Moel2(g)

_y = -205.5 kcal

The pressure of WC12 vapor above its own solid was taken from an

estimation on page 510 of reference 7:

WCl2(or)_ wcl2(g)

AF v : 55,000 + lOT(in T) - lOST

Data for the tungsten chlorides contained in reference 7 are very tenta-

tive. They may eventually be found to be in conflict even at relatively

low temperatures with experimental data that have been subsequently de-

termined (see ref. 1S).

!
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W-O System

Thermal data for species in the W-O system were obtained as follows:

The heats and free energies of formation_

WO_ W02, and W03 from gaseous atoms at temperatures

from the relations

and hF_ of gaseous

T were computed

(Z_)atoms = (£:_{_))atoms + (_ - H_)wo.(g) - (< - _)W(g)- _(m_- _)O(g)

where

o) _(m@)_toms= (_)WOn(g)- (m}w(g) n(K6)O(g)

o _- o + (_$_ o _ (F$- o - n(F$- o
(£_FT)atom s (ZkFO)atom s HO)WOn(g ) HO)W(g) HO)0(g )

where

O O O

(AFT)atom s : (FT)WOn(g) - (FT)w(g) -n(F_)o(g )

O

Values of _ and AF 0 were taken from De Maria, et al. (ref. 14);

(_ - _) and (F_ - HS) were computed from information in the same source;

o) for W(g) were taken from reference 12, whileand (_ - H_) and (F_ - H0

for atomic oxygen they were taken from unpublished NASA tables.

The vapor pressttre of WO 5 above its own condensed phase was computed

from the free-energy change across the vaporization:

WOs(cr) or WO3(Z) -- WOs(g )

(_)v = -_m in(P_)w%

where

(F°) , = + _"
± WO3(g > (fkF_)atom s _(F_ - H_) + (F_ - H_)W(o2(g) cr)

+ (I_T)W(g) - (F_)w(Cr)2
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The data for 02 were also from unpublished NASA tables. Enthalpies of

elements in their standard states were assigned to be zero at 0° K.

Physical and thermodynamic properties of W03(cr) were taken from

Kubaschewski and Evans (ref. 15). The free energy and enthafLpy of WO3(cr)

were obtained by integration using empirical specific heat equations

therein. The entropy of melting of W03(cr) was taken to be the same as

that listed for Mo03(cr) , while the specific heat of W03(Z) was taken the

same as the specific heat of WO3(cr) at the melting point. From these

data the enthalpy and free energy of W03(Z) were computed up to 3000 ° K.

The W-O system is complicated by the existence of polymers of W03(g)

that far exceed WO3(g) in importance at some conditions. Berkowitz, et

al. (ref. 16) found that the principal species above W03(cr) in the

neighborhood of 1400 ° K were W309(g ) and W4012(g ) in a mass spectro-

metric analysis, with virtually no WO3(g) appearing. From their listed

heats and entropies of sublimation and vapor pressures, the free energies

and enthalpies of W309(g) and W_Ol2(g ) up to 3000 ° K were calculated

using estimated specific heats and the previously discussed data for

W03(g ) . The specific heat of W309(g) was estimated to be roughly 60

cal/(mole)(°K), between 1368 ° and 3000 ° K, or about three times that of

WO3(g). The specific heat of W4012(g) similarly was estimated to be 80

cal/(mole)(°K). Heats of formation ZXHy of the oxides of tungsten from

gaseous tungsten and monatomic oxygen resulting from the computations

are as follows at 3000 ° K:

!

-<

w0(g)
w02(g)

w03(g)

w309(g)

w4o12(g)

-164 kcal

-307 kcal

-456 kcal

-1620 kcal

-2183 kcal

Figure 8 illustrates the composition of the W-0 system at 3000 ° K

when the thermal data described above are used. The mole fractions of

W(g), W0(g), W02(g) , WO3(g), W309(g), W4012(g), O(g), and 02(g ) are shown

as a f'mnction of total pressure in mm Hg. Figure 9 shows the variation

of composition of the W-O system with temperature at a total pressure of

0.03 mm. In calculating the data of figures 8 and 9; the partial pressure

of W was assumed to be the saturation pressure of W above crystal W.
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The most notable feature is the sharp rise in concentration of the

polymers of W03 with pressure and sharp decrease with temperature. This

seems consistent both with the findings of Berkowitz, et alo (ref. 16)

and Drowart, et al. (ref. 17). The former, as previously mentioned, found

at temperatures of about 1400 ° K and pressures of about 10 -2 mm Hg that

the only species above WO3(cr) _ere W309(g) and W4012(g ). The latter

found W03(g ) but none of its polymers in a Knudsen crucible containing

A120 S at temperatures up to 2600 ° K.

The thermal data illustrated by figures 8 and 9 are of necessity

quite rough. It is believed that the calculations of concentration gradi-

ent based upon them will illustrate trends. The assumption in the calcu-

lation of concentration gradients that all diffusion coefficients are

the same may introduce errors of equal magnitude to those of thermal data.

REFERENCES

i. Langmuir, Irving: Chemical Reactions at Low Pressures. Jour. Am.

Chem. Soe., vol. 37, no. 5_ May 1915, pp. 1139-1167.

2. Zubler, E. G., and Mosby, F.A.: An lodine Incandescent Lamp with

Virtually I00 Per Cent Lumen Maintenance. Illumination Eng.,

vol. 54, no. 12, Dec. 1959, pp. 734-739_ discussion, p. 740.

3. De Groot, S.R.: Thermodynamics of Irreversible Processes. Intersci.

Pub., Inc., 1951.

4. Sch_fer, Harald, Jacob, Herbert, und Etzel, Karl: Chemische Transport-
reaktionen. I - Uber den Transport des BodenkBrpers im Temperatur-

gef/lle mit Hilfe heterogener Gleichgewichte. Zs. f. anorg, und

allgem. Chem._ Bd. 286_ 1956, pp. 27-41.

S. Seh_fer_ Harald, Jacob, Herbert, und Etzel, Karl: Chemische Trans-

portreaktionen. II - Die Verwendung der Zerfallsgleichgewichte der

Eisen(ll) - und Nickel(ll) - halogenide zum Metalltransport im Tem-

peraturge_/lle. Zs. f. anorg, und allgem. Chem., Bd. 286, 1956,

pp. 42-55.

6. Sch_fer,..Harald_ und Moreher, Bernhard: Chemische Transportreaktionen.

III - Uber den Transport yon Silicium im Temperaturgef_lle unter

Mitwirkung der Silicium(ll) - halogenide und _ber die Druckab_shng-

igkeit der Transportrichtung. Zs. f. anorg, und allgem. Chem.,

Bd. 290, 1957, pp. 279-291.

7. Quill, Laurence L., ed.: The Chemistry and Metallurgy of Miscellaneous

Materials, Thermodynsmlics. McGraw-Hill Book Co., Inc., 1950.



36

8. Dushman,Saul: VacuumTechnique. John Wiley & Sons, Inc., 19A9.

9. Butler, J. N., and Brokaw, R. S.: Thermal Conductivity of GasMixtures
in Chemical Equilibrium. ,our. Chem.Phys., vol. 26, no. 6, June
1957, pp. 1636-1643.

I0. Brokaw, R. S.: Thermal Conductivity of GasMixtures in Chemical
Equilibrium, II. ,our. Chem.Phys., vol. 32, no. 4, Apr. 1980,
pp. 1005-1006.

ii. Hirschfelder, Joseph 0., Curtiss, Charles F., and Bird, R. Byron:
Molecular Theory of Gasesand Liquids. John Wiley & Sons, Inc.,
195_.

12. Stull, D. R., and Sinke, G. C.: ThermodynamicProperties of the
Elements. Advances in Chem.Ser. 18, Am. Chem.Soc. (Wash., D.C.),
Nov. 1956.

13. Shchu_karev,S. A., Novikov, G. I., and Andreeva, N. V.: Thermodynam-
ics of the Lower Tungsten Chlorides. Vestnik Leningrad Univ.,
vol. 14, no. 4, Ser. Fiz, i Khim., no. i, 1959, pp. 120-131.

14. De_Maria,G., Burns, R. P., Drowart, J., and Inghram, M. G.: Mass
Spectrometric Stud_ of GaseousMolybdenum,Tungsten, and Uranium
Oxides. ,our. Chem.Phys., vo!. 32, no. 5, May1960, pp. 1373-1377.

15. Kubaschewski, 0., and Evans, E. LI: Metallurgical Thermochemistry.
PergamonPress, 19S8.

16. Berkowitz, Joseph, Chupka, William A., and Inghram, Mark G.: Poly-
meric GaseousSpecies in the Sublimation of Tungsten Trioxide.
,our. Chem.Phys., vol. 27, no. i, July 1957, pp. 8S-86.

17. Drowart, J., DeMaria, G., Burns, R. P., and Inghram, M. G.: Thermo-
dynamic Study of AI203 Using a MassSpectrometer. ,our. Chem.
Phys., vol. 32, no. 5, May1980, pp. 1386-1372.

bJ
!



57

0.1

I

_q

0
©

0
0

o

0

o
0a

0
o

o3

0
0
o.1
0a

7_0_ r_,_/'(/_ uT)p 85,E qla"a.a_u'e.z'edSuaTp"az_ aznssezd ,'_a_e_r_

L1
.,,p

0

0

h

Q;

m

%

4_
o
4_

4_

%
@

%

4_

(1)

%
N1

0_
.%

@
%

4_
r_

4_

0

0
-,-4
+_

:> m

,)
• r--t

%

b_-_



58

10 6

i0 %

iliiiiii!::!i::::i::i__i::!i!i_i_iii::i::::i::ii!ili_i_i!:ii_i_i::i!i_ii!_il::i::iiiiil_
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiI  '::::7

bJ
!

DO

b9

&

U]

U]

_o

102

i00

10 -2

10-4

Operable region

L

__iiiiiiii!
_,:iiiiiiiiliiiiiiiiliiiiiiii

__i!iiii!iiiiiiiiiilIiiiii!iiliiiiiiil
_,..*.....1.T.-.....i-.*.*....i.....-.*.r.....-..L..-.-.-.

' _:i i:i:i:i:::::::::::::::::::::::::::::i:i:i:ii:iiiiii

   liiiii!iil!iiiiiiiliiiiiiiiiliiiiiiiiiliiiiii!iIiiiiiiilIiiiiiiii
"i " ' "" ' ' '

10 -6

2000 2200 2400 2600 2800

Emitter temperature; OK

5000

Figure 2. - Operable region of emitter temperature and total

pressure for no condensation of tungsten in interspace for

W-CI system.



59

I

00000

00_00



4O

10 8

.°8
o'o
boo

102
Operable region

i0 o

10-2

=========================

iiii!i!i!iii_i!i!iiiiiiiiiii!!ii

.-:.:.:.l-:-:-:.:.I.:.:.:.::-:-:.:.-:':-:-:I:::::::::::::::::!::':::::

.......8j..-8..8.81...8.8.8 . .'.'.D." "88.0.8.,...8..8,... 8..J_..o._.
• ..D..J..-.-.'8"1.'.'.'.'. 88.'.'. 8 ".8.8.8.18.808 . ,..8.o..j8 .p.o. °

:::::::::::::::::::: :::::::::::::::: i::-:8"- -.:::.-8:.:,:.:.:_-...-.::
:°°°8 " 0 •

!

F-_

--d

10-4

2000 2200 2_00 2600 2800

Emitter temperature_ OK

Figure 4. - Operable region of emitter temperature

and total pressure for no condensation of molyb-

denum in the interspace for Mo-CI system.



b-

!

ii/
_ ° _
_4_ O _
_ 0 I

_ °o _2
° / "__ b

_ °r-t\\? ,
X .b _

X b_

• b
0 0 0 O,--t
0 0 0 0

_0 0.1 _-_

H

4_
O

%

-o
®

% ®

_4ra

.,o ul

b9 ._ I

b_._

,% 0

m _:k Oo

_ 4_ _

0 4_ 4 -_
_-_ ._

4-_ N

% rn
_3

!
®

O0 m

._



42

10 3

h0

o]
[D

.._
o

102

l01

i00

i0-!

i0-_

10-3

o'. o

eeo°o°.°6 °, •

.oeoI,°

Operable region

  iiiiiiii!!i!i!iiliiiiiiiiiii!i!ili liiiiiiiiiiiii!iiiiliiiiiiii!iiiiii!ii    ,  iiiiiiiii
2600 2800 3000

_mitter temperature_ OK

Figure 6. - Operable region of emitter temperature

and total pressure for no condensation of tung-

sten in the interspace for W-O system.

!



4S

I o

v

Cq

©

X
O

0
q._

h

©

%

-,-t

N

%

r/l

I1)
%

200

-200

-AO0

-600

-800

-1000

-1200

/

/

/

/

/
i0-I i00 i01 102 103

Total pressure_ P, mm Hg

Figure 7. - Variation of pressure gradient parameter with total

pressure at 5000 ° K for WO5, W309, and W4012.



0

I

H
g_
c_

0
0

uoz%o_aj aIO_





45

oa

!
M

i0 o
0

lo__ _-

WO 3

o

+_
o

G)

10 -6

10-8

\

i0-i0 < <

\<
lo-li

10-16 <

10-18

2600 2700 2800 g 900
Temperature, OK

\

\

3OOO

Figure 9. - Mole fractional composition in W-O

system as a function of temperature at a total

pressure of 0.0Z mm.

NASA-Langley, 1962 E-1427


